The crystalline core of the North Cascades preserves a Cretaceous crustal section that facilitates evaluation of pluton construction, emplacement, geometry, composition, and deformation at widely variable crustal levels (~5-40-km paleodepth) in a thick (≥55 km) continental magmatic arc. The oldest and largest pulse of plutonism was focused between 96 and 89 Ma when fluxes were a minimum of 3.9 × 10 −6 km 3 /yr/km of arc length, but the coincidence with regional crustal thickening and underthrusting of a cool outboard terrane resulted in relatively low mid-to deep-crustal temperatures for an arc. A second, smaller peak of magmatism at 78-71 Ma (minimum of 8.2 × 10 −7 km 3 /yr/km of arc length) occurred during regional transpression. Tonalite dominates at all levels of the section. Intrusions range from large plutons to thin (<50 m) dispersed sheets encased in metamorphic rocks that record less focused magmatism. The percentage of igneous rocks increases systematically from shallow to middle to deep levels, from ~37% to 55% to 65% of the total rock volume. Unfocused magmas comprise much higher percentages (~19%) of the total plutonic rock at deep-and midcrustal depths, but only ~1% at shallower levels, whereas the largest intrusions were emplaced into shallow crust. Plutons have a range of shapes, including: asymmetric wedges to funnels; subhorizontal tabular sheets; steep-sided, blade-shaped bodies with high aspect ratios in map view; and steep-sided, vertically extensive (≥8 km) bodies shaped like thick disks and/or hockey pucks. Sheeted intrusions and gently dipping tabular bodies are more common with depth. Some of these plutons fit the model that most intrusions are subhorizontal and tabular, but many do not, reflecting the complex changes in rock type and rheology in arc crust undergoing regional shortening. The steep-sheeted plutons partly represent magma transfer zones that fed the large shallow
INTRODUCTION
Vertically extensive crustal sections through magmatic arcs are excellent natural laboratories to evaluate the physical and chemical properties of magmatic bodies and processes acting to form plutons at different crustal levels. It has long been recognized that styles of pluton emplacement, associated metamorphism, and fabric development in intrusions may vary substantially with depth, as illustrated by the classic concept of epizonal, mesozonal, and catazonal bodies (Buddington, 1959) . For example, during pluton emplacement the operation of different host rock material transfer processes, such as ductile flow, roof uplift, and stoping are commonly inferred to vary with depth (e.g., Buddington, 1959; Pitcher, 1979; Paterson et al., 1996) . Most studies, however, focus on emplacement of individual plutons or suites of plutons intruded at similar crustal levels in an orogen, and there have been few attempts to explore material transfer processes active during emplacement of many plutons from a wide range of paleodepths in the same crustal cross section. Similarly, the relationships of magmatism and pluton emplacement to faulting and regional deformation are complicated and presumably vary with depth.
Related topics that have been the focus of many recent studies, such as the geometries of plutons, are also amenable to evaluation by examination of crustal sections. A current widely cited model is that most plutons are subhorizontal tabular bodies that approximate laccoliths in the shallow crust and lopoliths at mid-crustal levels (e.g., Hamilton and Meyers, 1967; McCaffrey and Petford, 1997; Cruden, 1998 Cruden, , 2006 Wiebe and Collins, 1998; Brown and McClelland, 2000) . These bodies are constructed from melts that ascend through dikes (e.g., Petford, 1996) and/or fracture networks (Weinberg, 1999; Brown, 2004) , and are trapped at the brittle-ductile transition and/or level of neutral buoyancy (e.g., Collins and Sawyer, 1996; Brown and Solar, 1999) . These models predict that the roofs and floors of plutons are commonly preserved in thick crustal sections and the deep crust consists of metamorphic rocks cut by dikes and/or pervasive networks of thin granitoids that represent channels for magma ascent. An inference of this model is that the volume of plutonic rock may decrease with depth (e.g., Collins and Sawyer, 1996) . Alternatively, others have proposed that some plutons are vertically extensive, steep-sided bodies (e.g., Buddington, 1959; Pitcher and Berger, 1972; Hutton, 1992; Paterson et al., 1996) . Large elliptical to "blob-like" plutons in the shallow to mid-crust may pass downward into broad zones of steep sheeted plutons that represent magma conduits and transfer zones (e.g., Miller and Paterson, 2001a; Matzel et al., 2006) .
The overall composition of plutons and the crust in general becomes more mafic with depth (e.g., Saleeby, 1990; Christensen and Mooney, 1995; Rudnick and Fountain, 1995; Ducea et al., 2003) . Another widespread observation is that normally zoned tonalite to granite plutons are common in continental magmatic arcs. Most classic zoned intrusions were emplaced into the midto upper crust, such as in the Sierra Nevada batholith (e.g., Bateman and Chappell, 1979; Bateman, 1992) , and their presence and/or characteristics at deeper crustal levels are less certain. An interpretation from this observation is that in some plutons the emplacement of early mafic magmas with a significant mantle component is followed by larger volume, more silicic magmas with a greater crustal component (e.g., Pitcher et al., 1985) . It is not clear whether such temporal relations are preserved at all crustal levels, or only in upper-crustal sites of magma accumulation and pluton construction.
A final general point is that many classical crustal sections (e.g., Ivrea-Verbano zone, Kohistan, Talkeetna), as summarized in Percival et al. (1992) and Miller and Snoke (this volume) , are from extensional terranes, oceanic arcs, and continental arcs of relatively normal crustal thickness. Relatively few studied crustal sections are of thick continental magmatic arcs, such as may represent analogues for the modern central Andes.
We evaluate these and other issues in the following analysis of an oblique crustal section through a mid-Cretaceous to Eocene continental magmatic arc represented by the crystalline core of the North Cascades (Cascades core), Washington and southwest British Columbia (Figs. 1 and 2) (Miller and Paterson, 2001b) . This crustal section comprises oceanic and arc terranes that were metamorphosed to amphibolite facies and intruded by ca. 96-45-Ma plutons (e.g., Tabor et al., 1989) . The Cretaceous part of the crustal section contains intrusions emplaced at paleodepths of <5 km to ≥35 km (e.g., Brown and Walker, 1993; Dawes, 1993; Miller and Paterson, 2001b) . It thus represents some of the deepest exposed crustal levels in the Cordilleran arcs. It exposes rocks deeper than those in many lower-crustal sections (e.g., Percival et al., 1992) , and may represent an analogue for plutons, which were sites of intermittent magma accumulation for up to 5.5 m.y. Downward movement of host rocks by multiple processes occurred at all crustal levels during pluton emplacement. Ductile flow and accompanying rigid rotation were the dominant processes; stoping played an important secondary role, and magma wedging and regional deformation also aided emplacement. Overall, there are some striking changes with increasing depth, but many features and processes in the arc are similar throughout the crustal section, probably reflecting the relatively small differences in peak temperatures between the middle and deep crust. Such patterns may be representative of thick continental magmatic arcs constructed during regional shortening.
spe 456-05 page 3 other thick continental arcs, such as the central Andes (Miller and Paterson, 2001b; Whitney et al., 2004) . As such, it is an excellent natural laboratory for structural, metamorphic, magmatic, and thermochronologic studies of arcs.
A crustal section was synthesized by Miller and Paterson (2001b) utilizing structural, thermobarometric, and geochronologic data from the southern part of the Cascades core where more than 15 km of structural relief is exposed through large, km-scale upright folds (Fig. 3) and northeast-side-up tilt. Miller and Paterson (2001b) restored the crustal section by "unfolding" the large upright folds and restoring slip on a regional shear zone. Barometric data from metamorphic and plutonic rocks were used to constrain appropriate depths during the Late Cretaceous. In this paper, we build on the model of Miller and Paterson (2001b) , which emphasized the gross architecture and rheology of the crustal section, and focus on plutonism.
In discussing crustal sections, a common approach is to refer to lower, middle, and upper crust. These subdivisions, which are commonly defined by seismic velocities and compositions, are approximate. Standard average thicknesses for continental crust are from ~0-12 km for the upper crust, 12-23 km for middle crust, and 23-40 km for lower crust (e.g., Rudnick and Fountain, 1995; Gao et al., 1998; Rudnick and Gao, 2005) . The Cretaceous crustal thickness of the Cascades arc, however, was probably ≥55 km (see below) (Miller and Paterson, 2001b) , and we refer to rocks with paleodepths of >23 km as deep crust. WCS CBTS F ra s e r F a u lt P a s a y t e n F a u l t 50 km SCF E n t i a t F a u l t spe 456-05 page 5
GEOLOGIC SETTING
The crystalline core of the North Cascades (Cascades core) is the southernmost extension of the >1500-km-long Coast belt of the Northwest Cordilleran orogen (Fig. 1) , which underwent major crustal shortening and metamorphism during final suturing of the Insular superterrane to North America in the midCretaceous (Monger et al., 1982; Rubin et al., 1990; Journeay and Friedman, 1993) . The Cascades core includes oceanic, island-arc, and clastic-dominated terranes that were mostly juxtaposed prior to the peak of mid-Cretaceous amphibolite-facies metamorphism, arc-normal shortening, and ca. 96-45-Ma magmatism (e.g., Tabor et al., 1989) . Regional shortening resulted in crustal thickening and burial of supracrustal rocks to depths of 25 to ≥40 km in many parts of the orogen (Whitney et al., 1999; Valley et al., 2003) . spe 456-05 page 6
In the mid-Cretaceous, shallow-level (<10 km) rocks flanking the Cascades core were deformed by southwest-directed thrusting (e.g., Misch [1966] ; Brandon et al. [1988] ; but see Brown [1987] for a different interpretation). At deeper levels, ductile deformation during amphibolite-facies metamorphism was dominated by multiple cycles of folding and cleavage development, modest southwest-directed reverse shear in ductile shear zones, and subhorizontal, orogen-parallel stretching . Miller and Paterson (2001b) inferred that the recorded pressures were achieved when the dominant mesoscopic structures formed, but predate, or are synchronous with, many of the regional upright folds of the dominant foliation, although some folding occurred earlier. Unfolding the high-amplitude regional folds suggests that early structures and terrane boundaries were initially subhorizontal to moderately dipping.
The steep, post-metamorphic Entiat fault divides the Cascades core into a southwestern Wenatchee block and northeastern Chelan block (Figs. 1 and 2) (Tabor et al., 1989) . The Cascades crustal section (Fig. 4) Ar cooling ages (Engels et al., 1976; Tabor et al., 1982 Tabor et al., , 1987 Evans and Davidson, 1999; Matzel, 2004) temporally overlap 96-84-Ma plutons and ductile structures indicating that deformation predominantly occurred in the mid-Cretaceous (e.g., Tabor et al., 1989; Paterson et al., 1994; Miller and Paterson, 2001b) . The Chelan block was also deformed at this time, but records additional shortening coincident with ca. 78-65-Ma magmatism and subsequent orogen-parallel stretching during Eocene magmatism and exhumation (Haugerud et al., 1991; Hurlow, 1992; Paterson et al., 2004; Miller et al., 2006) . . Diagram schematically summarizing major rock types, particularly the distribution and shapes of plutons, and P-T conditions in the Cascades crustal section (Miller and Paterson, 2001b spe 456-05 page 7
Cascades Crustal Section
Cretaceous magmatic bodies are distributed throughout the crustal section. Plutons are dominantly tonalite (Misch, 1966; Cater, 1982; Dawes, 1993) . Diorite and gabbro are subordinate components of most intrusions; granodiorite is found in variable amounts, and is the main constituent of many of the youngest (Eocene) plutons (Misch, 1966) . Dawes (1993) and DeBari (DeBari et al., 1998; Miller et al., 2000) infer from geochemical data that the dominant tonalites formed by variable mixing of mantle-derived mafic magmas with lower-crustal melts (felsic tonalite, trondhjemite, granodiorite). ε Nd values of +6.3 to +1.5 also likely record mixing of mantle-derived melt with melt formed by partial anatexis of isotopically juvenile terranes (Matzel et al., 2008) . Rare-earth-element (REE) patterns indicate a garnet-bearing mafic source for the crustal melts (Miller et al., 2000) , and pressures of ~15-16 kb are inferred for melting (De Bari et al., 1998; Miller et al., 2000) .
HOST ROCK FRAMEWORK OF CRUSTAL SECTION
Cretaceous plutons that intrude the Wenatchee block and southwestern Chelan block are hosted by dominantly metasupracrustal rocks. Metamorphic grade ranges from greenschist-to amphibolite-facies conditions (Misch, 1966; Brown and Walker, 1993; Whitney et al., 1999) . The base of the section represents paleodepths of ~40 km (Miller and Paterson, 2001b) . There is little control on what was beneath the section in the Cretaceous; Miller and Paterson (2001b) inferred that mafic plutonic and metamorphic rocks were likely important components.
The shallowest level of the crustal section is represented by the Jurassic Ingalls ophiolite complex. It consists of Early Jurassic within-plate basalts and a more voluminous Late Jurassic supra-subduction-zone ophiolite deformed in an oceanic fracture zone represented in part by steeply dipping serpentinitematrix mélange (Miller, 1985; Metzger et al., 2002; MacDonald et al., 2008) . The ophiolite is dominated by ultramafic mantle tectonites, has a thin crustal mafic intrusive and volcanic section, and is overlain by mainly mudstone and chert (Miller, 1985; Miller and Mogk, 1987; MacDonald et al., 2008) . Metamorphic grade ranges from prehnite-pumpellyite facies in the south, to amphibolite facies near the mid-Cretaceous Windy Pass thrust (Fig. 2) , which forms the lower boundary of the ophiolite (Miller, 1985) . In general, the time-averaged brittleductile transition corresponds to the transition from greenschist-to amphibolite-facies assemblages (Fig. 4) (Miller and Paterson, 2001b) .
In the footwall of the Windy Pass thrust, the Chiwaukum Schist and related Tonga Formation and Nason Ridge Migmatitic Gneiss form the Nason terrane (Fig. 2) . The Chiwaukum Schist predominantly comprises pelitic and psammitic schist, and lesser amphibolite and ultramafic lenses (e.g., Plummer, 1980; Tabor et al., 1987; Paterson et al., 1994) . The schist protoliths may have been mixed in an accretionary wedge prior to arc magmatism and metamorphism . The Tonga Formation, which was deposited in the Early Cretaceous (Brown and Gehrels, 2007) , has the same protoliths as the schist, but differs in that primary sedimentary structures are well preserved (Duggan and Brown, 1994) . The Chiwaukum Schist grades structurally downward into the Nason Ridge Migmatitic Gneiss, which consists of schist and paragneiss that resemble Chiwaukum rocks, but is also extensively intruded by tonalitic sheets (e.g., Tabor et al., 1987 Tabor et al., , 1993 Magloughlin, 1993; Paterson et al., 1994) . In all of the units, mid-Cretaceous folds are the dominant structures and the strain pattern reflects superposition of upright folds on gently inclined to recumbent folds Miller et al., 2006; Jensen et al., 2007) .
The lowermost exposed contact of the Nason Ridge gneiss is a folded intrusive contact with the >1-km-thick Wenatchee Ridge Gneiss (Fig. 3) , a ca. 93-Ma orthogneiss (Tabor et al., 1987; Miller and Paterson, 2001b) . Metamorphic pressures are lowest at the southern end of the Chiwaukum Schist and increase from ~3 kb to 9 kb at temperatures of ~540-700 °C over an ~10 km distance northeast from the Mount Stuart batholith. Schist near the batholith underwent an increase in pressure soon after batholith emplacement (e.g., Evans and Berti, 1986; Brown and Walker, 1993; Paterson et al., 1994; Stowell and Tinkham, 2003; Stowell et al., 2007) .
The Nason Ridge Migmatitic Gneiss and Wenatchee Ridge Gneiss most likely were underlain by the Napeequa complex (Napeequa Schist of Cater and Crowder [1967] ) prior to reverseslip on the White River shear zone (Figs. 2-4) (Miller and Paterson, 2001b; Brown and Dragovich, 2003; Miller et al., 2003) . The Napeequa unit consists mainly of amphibolite, quartzite, and biotite schist; minor metaperidotite and marble are also present, and the protoliths indicate an oceanic origin. These rocks were metamorphosed to ~8-11 kb (Brown and Walker, 1993; Valley et al., 2003) , and were deformed by tight to isoclinal, gently inclined to recumbent folds and subsequent outcrop-to map-scale, open to tight, upright to overturned folds (Cater and Crowder, 1967; Miller et al., 2006) .
The base of the Napeequa complex is the Dinkelman décol-lement, which places the unit over the meta-psammitic Swakane Gneiss (Fig. 3) . Swakane rocks were underthrust beneath the Napeequa unit between ca. 72-68 Ma to depths corresponding to pressures reaching 12 kb (Valley et al., 2003; Matzel et al., 2004) . The Napeequa and Swakane units are also exposed in the Chelan block, where the décollement records primarily Paleogene top-to-north shear during exhumation . The Swakane Gneiss is only intruded by small leucogranite bodies (Boysun, 2004) and Neogene plutons. It postdates much of the time frame discussed in this manuscript and is not further considered.
Another major component of the Chelan block is the Cascade River unit-Holden assemblage (Fig. 2) , which has a Triassic arc protolith and consists mainly of hornblende-rich metavolcanic and metaclastic rocks that are associated with Late Triassic arc plutons (e.g., Misch, 1966; Tabor et al., 1989) . Metamorphic pressures reach ~8 kb in the assemblage (Miller et al., 1993a; Brown et al., 1994) . The relationship of these arc rocks to other spe 456-05 page 8 units of the crustal section is not clear (cf. Tabor et al., 1989; Brown et al., 1994; .
PLUTONS IN THE CASCADES CRUSTAL SECTION
In the following, we describe Late Cretaceous magmatic bodies in the crustal section. Emphasis is placed on the Wenatchee block, but well-studied 91-65-Ma plutons in the southwest part of the Chelan block and Ross Lake fault zone are also considered. We emphasize features most relevant to the issues raised in the introduction that are well suited to study in crustal sections. Details on the plutons are included in Table 1 .
Deepest Plutons in Crustal Section
Compatible metamorphic and igneous barometry, widespread magmatic epidote, and structural position suggest that the deepest intrusions in the crustal section intrude the Napeequa unit at paleodepths of ~25-35 km in an ~10-km-wide, orogenparallel belt between the White River shear zone and Entiat fault (Zen, 1988; Brown and Walker, 1993; Dawes, 1993; Miller and Paterson, 2001b) (Figs. 2 and 5 ). These intrusions range from ca. 96-84 Ma. They include thin, sheeted plutons, broadly elliptical plutons consisting of sheets and more homogeneous masses, and 10s-of-cm-to 10s-of-m-thick sheets.
Tenpeak Pluton
The best-studied deep intrusion is the 92.3-89.7-Ma Tenpeak pluton (e.g., Cater, 1982; Dawes, 1993; Miller and Paterson, 1999; Matzel et al., 2006) . This 7-10-kb pluton is broadly elliptical in map view (Fig. 5) , and has a nearly vertical northeast contact and moderately to steeply inward-dipping southwest and southern margins. The contacts define an asymmetrical wedgeshaped body, and extrapolated downward from the present erosional surface imply an apparent vertical extent of ≥9.5 km. The southwest margin in part corresponds to the scissor-like, White River shear zone (Figs. 3 and 5) (Van Diver, 1967; Magloughlin, 1993; Miller and Paterson, 1999; Raszewski, 2005) , along which reverse slip decreases to the northwest. This shear zone forms the boundary between the Chiwaukum Schist and Napeequa unit; the pluton locally intrudes the schist in this zone, but is mostly hosted by Napeequa rocks.
A generally <500-m-wide, discontinuous heterogeneous zone of mingled and sheeted gabbro, tonalite, and hornblendite forms the margin of the Tenpeak pluton ( Fig. 5) (Cater, 1982; Miller et al., 2000) . Inward from this mafic zone is voluminous tonalite and, in the north, diorite and mafic tonalite. Within the tonalite, a ca. 92.2-Ma phase overlaps in age with the mafic zone. Less than 0.3 m.y. later, sheets were injected in an internal zone that contains numerous m-scale inclusions of Napeequa unit (Matzel et al., 2006) . Tonalitic magmatism continued at 91.3 Ma in the northeast margin and at 90.6 Ma in the north end (Fig. 5) , and was followed by an apparent hiatus before intrusion at 89.7 Ma of distinctive coarser-grained tonalite that truncated the sheeted zones Matzel et al., 2006) . Matzel et al. (2006) concluded that magma flux was broadly distributed during the 2.6 m.y. of pluton construction.
Abundant inclusions of Napeequa amphibolite, schist, and metaperidotite range from <5-cm long to km-scale. They are concentrated in the margins and internal sheeted zone; map-scale bodies are mostly enclosed by the older tonalite phase (Fig. 5) . Foliation and lithological contacts in the smaller Napeequa inclusions are commonly rotated relative to each other and the host magmatic and solid-state foliation.
Margin-parallel foliation and lineation with moderate to steep pitches typify the pluton . Fabrics in much of the pluton interior are magmatic, although 
Other plutons-NE of crustal section Seven-Fingered-Jack 92 240 6-8 spe 456-05 page 10 weak high-temperature solid-state deformation is common and increases in intensity in the White River shear zone. Features typical of undeformed plutons are well preserved and include compositional layering and enclave swarms where enclaves display delicate magma mingling features.
Emplacement of the Tenpeak pluton was dominated by vertical material transfer processes and subhorizontal wedging (cf. Weinberg and Searle, 1998; Weinberg, 1999) , as discussed by Miller and Paterson (1999) . Ductile flow is recorded in narrow (500 m-1 km) structural aureoles and by downward deflection of the Napeequa-Chiwaukum contact. Stoping is indicated by the rotated host-rock xenoliths.
Sulphur Mountain Pluton
The 96-Ma Sulphur Mountain pluton is separated by the Quaternary Glacier Peak volcano into a larger northwest, "headshaped" body and a southeast, "tail-like" domain ( Fig. 5) . The pluton is mainly granodiorite and tonalite (Crowder et al., 1966; Cater, 1982) ; discontinuous, ~300-m-wide contact zones in the eastern and western margins of the larger body are marked by tonalite intercalated with schist, gneiss, and hornblendite (Crowder et al., 1966) , and ~50-cm-wide xenoliths to m-scale rafts of Napeequa unit are common in the tail region. White et al. (1988) 
interpreted δ
18 O isotope values of >10 to indicate involvement of metasedimentary or altered volcanic rocks in the petrogenesis of the intrusion.
The tail region of the Sulphur Mountain pluton is broadly sheet-like. Mostly concordant meter-scale sheets adjacent to the eastern contact intrude Napeequa host rocks and dip 20° to ≥60° northeast, reflecting at least in part the regional folding best seen in the Napeequa unit. The sheets and tail display high-temperature subsolidus foliation and lineation coincident with that of the host rocks.
The northwestern "head" region is relatively homogeneous outside of the contact zones and displays weaker solid-state deformation than the tail. Foliation strikes parallel to the pluton margin ( Fig. 5) , both in the pluton and a >1-km-wide structural aureole in the host rocks where contacts are also concordant to foliation (Tabor et al., 2002) . The foliation and map pattern imply that the northern part of the pluton has an asymmetric, wedgelike to funnel shape (Fig. 6 , section H-H′); a moderately westdipping eastern contact and steep western margin can be traced over a minimum of 750 m of topographic relief.
The Sulphur Mountain pluton may have undergone modest southeast-end-up tilt, as metamorphic isobars constructed by Brown and Walker (1993) from limited data suggest a northwest plunge for the block between the White River shear zone and Entiat fault. Such tilt is compatible with the greater subsolidus deformation of the tail region, and with feeding of the larger "head domain" by deeper sheets that are part of a frozen magma conduit.
Emplacement of the pluton was accommodated by multiple processes. The structural aureole around the head is evidence for ductile flow of host rock. Xenoliths, including dense amphibolite, imply that stoping also aided emplacement. The oxygen isotope data are compatible with assimilation of stoped blocks, although the depth of any assimilation is unconstrained. Finally, sheeting in the tail region probably wedged aside Napeequa rafts.
High Pass Pluton, Buck Creek Pass Pluton, and Thin Intrusive Sheets in Napeequa Unit
Broadly related thin sheets and small plutons of leucocratic biotite granodiorite and tonalite, the largest of which are the High Pass and Buck Creek Pass plutons, intrude the Napeequa unit (Fig. 5) (Cater, 1982) . The ca. 88-Ma (J.P. Matzel, personal observation) High Pass pluton in map view is weakly elliptical with a 500-m-wide tail extending to the east-southeast. Its orientation in part reflects regional folding (Fig. 5) , and the pluton tail lies along the crest of an antiform in the Napeequa unit (Cater, 1982) . The northern and western parts of the pluton display only weak foliation, but foliation intensity and solid-state deformation increase to the south and east (Cater, 1982) . Contacts of the pluton are partly concordant and partly discordant to lithological contacts within the host rocks. The overall geometry of the pluton is broadly sheetlike, to wedge-shaped and synformal with a moderate southeast plunge; we estimate a thickness of ~2.5 km. Abundant concordant and discordant sheets, and irregularly shaped masses intrude the Napeequa unit and Sulphur Mountain pluton for distances of up to 100s of m from the main pluton contact. Host rock xenoliths are common near contacts (Cater, 1982 , and our observations).
The ca. 84-Ma Buck Creek Pass pluton ( Fig. 5 ; Hurlow, 1992) was mapped by Cater and Crowder (1967) as consisting of an ~600-m-thick body and isolated thinner sheets intruding the Napeequa unit. These rocks display moderate-to high-temperature solid-state foliation and lineation parallel to equivalent structures in their host rocks. The Buck Creek Pass pluton is made up of m-to 10s of m-thick sheets distinguished by generally small differences in grain size and color index. The western contact is relatively sharp, whereas the eastern margin grades into a zone of alternating intrusive sheets and Napeequa amphibolite. Overall, the pluton is a concordant, moderately to steeply southwestdipping, tabular body (Fig. 3, D 
-D′).
Dispersed thin (<50 m), dominantly concordant intrusive sheets probably make up ≥30% of the Napeequa outcrop belt. They record moderate-to high-temperature recrystallization, and share many of the structural features of the host rocks.
The initial orientations of the plutons and thinner sheets, and host-rock material transfer processes during emplacement, have been partially obscured by the penetrative regional deformation. Most of the sheets probably intruded concordantly to host-rock foliation and lithological contacts, although some may have been rotated into near-parallelism by strong deformation. We infer that most of the sheets and the Buck Creek Pass pluton were intruded subhorizontally before latest upright folding. Emplacement of the more geometrically complex, broadly sheet-like High Pass pluton probably involved wedging of host rocks. The numerous host rock inclusions and truncation of contacts by the southern margin of the High Pass pluton indicate at least limited stoping. spe 456-05 page 12
Deep Mid-Crustal Plutons
Three domains that are probably only slightly shallower than, and may overlap in paleodepth with, the Tenpeak domain are marked by plutons and sheets that crystallized at ~6-8 kb. One domain is in the northeastern part of the Nason terrane, another is in the western part of the Chelan block, and the third is in the Ross Lake fault zone.
Northeastern Nason Terrane
The deepest part of the Nason terrane includes discrete plutons, such as the ~7 kb, 91-Ma Dirtyface pluton (Hurlow, 1992) and ca. 93-Ma Wenatchee Ridge Gneiss, and a multitude of thinner sheets that intruded the Nason Ridge Migmatitic Gneiss and Chiwaukum Schist (Fig. 2) (Brown and Walker, 1993; Magloughlin, 1993; Miller et al., 2000 Miller et al., , 2003 Stowell and Tinkham, 2003; Stowell et al., 2007) .
The ~1-km-thick, 91-Ma Dirtyface pluton consists of alternating sheets of hornblende-biotite quartz diorite and felsic two-mica granitoid, some of which are separated by rafts of Chiwaukum Schist. Sheets are moderately dipping (35-55°) and conformable to host-rock foliation along the southwest margin of the pluton, become thicker, dip steeper (50-70°), and are more discordant to host-rock structure as the northeast contact is approached. The overall shape of the body is thus an inclined wedge. The quartz diorite sheets are compositionally homogenous and are similar geochemically to sheeted units in the Tenpeak pluton (Miller et al., 2000) . The two-mica granitoid sheets are petrographically similar to sheeted units in the Wenatchee Ridge Gneiss.
Sheets in the Dirtyface pluton have strong magmatic and locally subsolidus foliation and steeply pitching lineation, all of which cut sheet contacts and are continuous with host-rock structures. Subsolidus deformation intensifies toward the southwest margin where S-C fabrics and asymmetrical tails on grains give reverse, top-to-southwest sense of shear.
The Wenatchee Ridge Gneiss is the structurally deepest body that intrudes the Nason terrane. It is largely muscovite-and biotite-bearing trondhjemite and leucotonalite, and may represent another largely sheeted intrusion (Magloughlin, 1993; Paterson et al., 1994) . Sheets range from 10s of cm to many meters in thickness and are separated by local zones of schist and metaperidotite blocks. Sheets appear to thicken, and the body is probably more homogeneous with depth, suggesting that the exposed levels are the top of a large intrusion. The mineral content and presence of widespread ultramafic blocks make this a unique intrusion in the Cascades core.
Intrusive sheets, which range from <10 cm to 10s of m in thickness, make up ~30% of the exposed outcrop area of the Nason Ridge Migmatitic Gneiss and northeastern part of the Chiwaukum Schist. The dominantly tonalitic to two-mica granite sheets show a wide range of compositions and textures, are commonly concordant with the dominant foliation in the interlayered Chiwaukum Schist, and display strong magmatic and/or subsolidus fabric (Getsinger, 1978; Magloughlin, 1993; Miller and Paterson, 2001b) .
Emplacement of the extensively sheeted Dirtyface and Wenatchee intrusions, and the dispersed sheets in the Nason Ridge Migmatitic Gneiss,was at least in part by magma wedging. Wedging does not explain, however, the steep discordant northeast margin of the Dirtyface pluton.
Chelan Block
A 20-km-wide, orogen-parallel zone in the southwest part of the Chelan block contains ca. 92-70-Ma plutons that are constructed largely of steep, cm-to km-scale sheets and crystallized at ~20-25 km (Fig. 2) (e.g., Hurlow, 1992; Dawes, 1993; Paterson and Miller, 1998a; Miller and Paterson, 2001a; Matzel, 2004) . The contiguous 92-90-Ma Seven-Fingered Jack pluton in the northwest and 73-71-Ma Entiat pluton (sensu stricto) in the southeast represent a <10-km-wide plutonic complex that extends for >80 km, and the nearby 78-72-Ma Cardinal Peak pluton is ~35 km by 3 km in map view (Fig. 2) . These plutons intrude the Napeequa complex and hornblende gneiss, schist, amphibolite, and calc-silicate rock of the Holden assemblage. We have described these plutons in detail elsewhere (Paterson and Miller, 1998a; Miller and Paterson, 2001a; Matzel, 2004) , and only briefly summarize major features, treating the three intrusions together in the following discussion.
Heterogeneous mafic rocks are mingled with tonalite in the margins of the plutons and northwest tips of the Seven Fingered Jack and Cardinal Peak intrusions. Inward from the marginal, thinly sheeted zones are thicker sheets and less elongate masses of tonalite, which dominate the intrusions. Rafts and xenoliths of host rocks are abundant between and within marginal sheets of the plutons, and throughout the Cardinal Peak pluton.
Gently to moderately dipping magmatic and less widespread high-temperature subsolidus foliations of moderate to strong intensity are continuous with host-rock foliation, but commonly discordant to sheet and pluton contacts (Fig. 6 , section G-G′). Foliation has been deformed into outcrop-to map-scale folds that are subparallel to host-rock folds, and magmatic lineation is similarly subparallel to host-rock fabrics. The magmatic structures thus record regional shortening during intermittent, prolonged pluton construction (92-70 Ma) (Paterson and Miller, 1998a; Paterson et al., 1998; Miller and Paterson, 2001a) .
Narrow structural aureoles next to the three plutons display dramatic along-strike variability (Paterson and Miller, 1998a; Miller and Paterson, 2001a) . Vertical and largely downward ductile flow is recorded next to some pluton segments by deflection of regional gently to moderately dipping host-rock markers into subparallelism with steep pluton contacts in structural aureoles that reach 1 km in width. Emplacement of sheet tips along axial surfaces of upright, gently plunging folds (Paterson and Miller, 1998a) , and the folding of magmatic foliation, are compatible with regional deformation aiding emplacement (cf. Weinberg and Mark, 2008) . Several sharply discordant segments of pluton contacts (Fig. 6 , section G-G′) and rotated xenoliths support stoping.
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We utilized these and other relationships to hypothesize that early magmatic sheets wedged aside host rock, then coalesced to isolate host rock pieces, which finally led to detachment and vertical downward movement of host rock through magma and formation of relatively large, inclusion-poor bodies (cf. Miller and Paterson, 2001a) . This model is further supported by Matzel's (2004) age data, which demonstrate that: the Seven-Fingered Jack and Entiat intrusions were each constructed over 2-3-m.y. intervals; zircon inheritance patterns reflect incorporation of host rock near the level of emplacement; and early sheets were partially mixed with slightly younger sheets.
Other less extensively sheeted plutons intrude the Napeequa and Cascade River-Holden units in the Chelan block. These include the ca. 77.5-Ma Riddle Peaks pluton (Fig. 2) , which is the largest (~30 km 2 ) mafic body in the arc and intruded synchronously with the mafic complex of the adjacent Cardinal Peak pluton (Cater, 1982; McPeek et al., 2002) . Much of this hornblende gabbro is layered on the cm-to m-scale and displays strong magmatic foliation. The pluton contains numerous inclusions of amphibolite, schist, and marble of the Holden assemblage, which range up to 100s of m across (Cater, 1982; McPeek et al., 2002) . Inclusions are dispersed throughout the intrusion, but are most common near an internal contact between layered and non-layered rocks. Cater (1982) infers from dips and grading of layers, and distribution of the largest host-rock inclusions that this contact is the roof of the layered phase. He assumes that the northeast-dipping layering and pluton were initially subhorizontal, and that the pluton has been tilted to moderate dips. The estimated pluton thickness is 2.5 km (Cater, 1982) .
Host-rock inclusions range from slabby to blocky, and from concordant to discordant to layering in the gabbro. The blocky varieties are especially likely to be discordant. Cater (1982) notes that inclusions of all sizes are encased by contaminated and hybrid rocks, and infers that the similar densities of gabbroic magma and inclusions led to prolonged assimilation. These abundantly rotated, partially assimilated xenoliths are strong evidence for stoping. Evidence for other material transfer processes during emplacement has been largely obscured by intrusion of younger plutons.
The ~6-kb, 65-Ma Oval Peak pluton intrudes the lowestgrade rocks of the Napeequa unit in the eastern part of the Chelan block in the Ross Lake fault system (Miller and Bowring, 1990 ). This weakly elliptical tonalite, which has a narrow northern tail (Fig. 2) , has the shape of an elongate, truncated funnel, as defined by its moderately inward dipping contacts (Fig. 6 , section E-E′); the northeast boundary is a major post-emplacement shear zone (Miller and Bowring, 1990; Miller and Paterson, 1999) . Downward projection of observed contact dips from the present erosional level implies a minimum vertical extent of 6 km. Magmatic foliation is overprinted by high-temperature subsolidus foliation in a 1-2-km-wide marginal zone in the south and west. Adjacent to this zone is a 200 m-2 km-wide structural aureole marked by deflection of host-rock markers and rotation of regional subhorizontal lineation into a down-dip orientation (Miller and Bowring, 1990 ). This rotation, and pluton-side-up kinematic indicators in the pluton and aureole, document downward flow of host rock during emplacement.
In addition to the plutons in the western half of the Chelan belt, thin 90-70-Ma sheets (Hurlow, 1992; Matzel, 2004) extensively intrude the Napeequa and Cascade River-Holden units. These dominantly leucotonalite sheets are typically of m-scale thickness and vary in abundance. Unpublished detailed mapping near the Entiat pluton by Paterson indicates that sheets make up at least 30% of the Napeequa outcrop belt.
Shallow Crustal Levels (<5-12 km)
The two large-volume, relatively shallow plutons in the Cascades core are the Mount Stuart and Black Peak batholiths (Fig. 2) . These plutons overlap in age and are similar in many respects (Misch, 1966) . The better-studied Mount Stuart batholith is tied to the crustal section, and the Black Peak batholith also provides insights into magmatism at shallow levels of the arc.
Mount Stuart Batholith
The 96.3-90.8-Ma Mount Stuart batholith, which consists of a larger (~480 km 2 ) northeast body and smaller southwest body (not mentioned further), is the largest intrusion in the North Cascades. The map pattern of the ~2-4 kb northeast body has been considered in terms of a southeastern "mushroom-shaped" region, the stem of which extends into a central sheet-like segment, and a northwestern "hook-shaped" region (Fig. 2) . The "hook" consists of granodiorite which grades to the southeast into tonalite that also makes up the central sheet-like segment. In the mushroom-shaped region, tonalite dominates, grades into granodiorite in the center, and surrounds two-pyroxene gabbro and diorite to the east (Erikson, 1977; Tabor et al., 1987; Paterson et al., 1994) . Matzel et al. (2006) divided the batholith into four age groups. The oldest rocks are 96.3-95.4 Ma, and are in the hook region and a gabbro outlier. The next age group is tonalite in the sheet-like region, followed by tonalite in the "stem" of the mushroom-shaped region (Matzel et al., 2006) . The youngest (90.9-90.8 Ma) and most voluminous age domain consists of gabbro, tonalite, and granodiorite of the mushroom region. Matzel et al. (2006) concluded from these age data that the batholith was constructed by short periods of high magma flux separated by magmatic lulls. They also demonstrated that a minimum of 500 km 3 of magma was intruded over an interval of ~200 k.y. and that a large magma reservoir existed at this time.
Magmatic foliation in the Mount Stuart batholith defines complex patterns (Paterson and Miller, 1998b) . Foliation in the hook-like region delineates dm-to km-scale folds that mimic the shape of the hook and folds in the host Chiwaukum Schist (Paterson and Miller, 1998b; Benn et al., 2001) . Strong foliation in the sheet-like domain defines magmatic folds that are parallel to host rock folds, as is subhorizontal lineation, thus demonstrating that some of the host-rock folding occurred at ca. 94-92 Ma (Miller spe 456-05 page 14 and Paterson, 1994 ). An intense flat-lying magmatic foliation with a weak subsolidus overprint near the Windy Pass thrust probably records latest thrust-related strain. In the mushroom region, foliation largely parallels contacts, forming "onion-skin" patterns and records internal magmatic processes (Paterson and Miller, 1998b) .
The shape of the batholith is similarly complex. The hookshaped region is probably a folded, initially subhorizontal to moderately dipping sheet (Paterson and Miller, 1998b) . The sheet-like domain dips steeply to the north (Fig. 3) (Tabor et al., 1987) , but rolls over into a roof flap (Paterson et al., 1996; Paterson and Miller, 1998b) . The roof-wall join is sharp, ranging from subhorizontal to subvertical over ~100 m. Rotated xenoliths are abundant for 200 m vertically below the roof and are locally found >1 km below the roof. In contrast to the older sheetlike phase, the mushroom-shaped region is weakly elliptical in map view, and its southern and southeastern contacts largely dip steeply inward (Fig. 3) where the batholith overlies the Ingalls ophiolite. A km-thick, subhorizontal body of schist, displaying intense subhorizontal foliation, is encased by the batholith below the Windy Pass thrust, and the northeast margin is overprinted by a steep southwest-directed reverse shear zone that has the Ingalls ophiolite in the hanging wall. Paterson and Miller (1998b) reasoned that the batholith was emplaced by multiple material transfer processes. We briefly summarize their conclusions and refer the reader to their paper for documentation. Ductile flow operated in 1-2-km-wide structural aureoles in the Chiwaukum Schist and eastern part of the Ingalls ophiolite (cf. Albertz et al., 2005) and provided perhaps as much as 50% of the needed material transfer. Crustal thickening by folding, foliation formation, and displacement on reverse shear zones resulted in flow of magma into fold hinges and fractures, and probably accommodated ~15% of the necessary material transfer. Stoping was another significant mechanism, as demonstrated by the xenoliths and truncation of host-rock markers next to segments of the batholith contact. Paterson and Miller (1998b) concluded from structural relationships of deformed markers next to contacts and particularly in the roof that vertical downward transfer of host rock dominated during emplacement.
Small (≤ 20 km 2 ) ca. 94-91-Ma satellite bodies (e.g., Beckler Peak stock; Fig. 2 ) that are loosely related to the nearby Mount Stuart batholith intrude the Tonga Formation and Ingalls ophiolite (Southwick, 1962; Duggan and Brown, 1994; Harper et al., 2003) , which are the shallowest part of the crustal section. Intrusions into the Ingalls ophiolite include a network of m-scale leucogranite sills fed by dikes just above the Windy Pass thrust (Miller, 1985) and hornblende-phyric dacite to tonalite dikes and stocks that intrude biotite-and sub-biotite-zone rocks of the ophiolite (Southwick, 1962) .
Black Peak Batholith
The ca. 91-89-Ma Black Peak batholith intruded across the boundary between the Cascades core and weakly metamorphosed rocks of the Methow basin, and was deformed by Paleogene shear zones of the Ross Lake fault system (Fig. 2) (Misch, 1966; Kriens and Wernicke, 1990; Miller, 1994) . This elliptical-shaped batholith consists dominantly of tonalite and granodiorite. Diorite, gabbro, and hornblendite are exposed in a narrow, discontinuous belt along the eastern margin of the batholith, a leuco-tonalite body forms the southern part of the batholith, and there is a transition from hornblende-bearing rocks in the north to hornblendeabsent granitoids in the south (Adams, 1964; Miller, 1987) . Field relations suggest an age progression from most mafic to felsic rocks (Dragovich et al., 1997) .
The eastern contact of the batholith with Methow strata is steep, irregularly shaped in map view, and largely discordant to host rock structures. Host-rock xenoliths are abundant in the outer 50 m of the intrusion next to this contact. The westward protruding flap of greenschist-to lower-amphibolite-facies host rocks equivalent to the Napeequa unit (Fig. 2) is part of the roof (Adams, 1961) . These rocks are extensively injected by diorite dikes, and detached and rotated xenoliths ranging from <10 cm to >10 m across are abundant in the adjacent pluton (Adams, 1961 , and our observations). In places, it is difficult to recognize a single contact. The western margin of the batholith is a tectonically modified intrusive contact with the higher-grade Napeequa unit.
Hornblende barometry indicates that the eastern part of the batholith crystallized at ~1-3 kb (D.L. Whitney and R.B. Miller, unpublished data from 4 samples), in accord with the weak metamorphism and preservation of sedimentary structures in the host rock (Adams, 1964; . In contrast, amphibolitefacies host rocks on the west record pressures of 6-8 kb (Miller et al., 1993a (Miller et al., , 1993b . The higher pressures in the west probably in part record differential loading of the batholith after emplacement (Miller et al., 1993a (Miller et al., , 1993b . Nevertheless, regional gradients in metamorphism imply different paleo-depths across the intrusion, and we infer that the vertical extent of the intrusion is probably >8 km.
Complex structural patterns in the Black Peak batholith reflect variable overprinting of magmatic foliation and lineation by solid-state fabrics related to different strands of the Ross Lake fault system and Cretaceous to Eocene regional deformation (e.g., Miller, 1994; Dragovich et al., 1997) . This solid-state deformation, which is mostly much younger than crystallization, hinders interpretation of emplacement mechanisms. The rotated xenoliths described above and discordant contacts are evidence of stoping. An ~200-m-wide structural aureole east of the inferred roof is marked by gentle deflection of bedding and cleavage in host rocks into sub-parallelism with the contact and indicates at least limited ductile deformation. No strong solid-state strain, however, is developed in the pluton or host rocks next to this segment of the contact.
Cretaceous Volcanism
A comparison with other continental magmatic arcs implies that the Cretaceous plutons were associated with volcanic rocks, which have been almost entirely removed by erosion. The Cenomanian-Turonian andesitic volcanic rocks, which are spe 456-05 page 15 intercalated with clastic rocks of the Methow basin (Barksdale, 1975; McGroder, 1989) , are the only mid-Cretaceous arc volcanic rocks adjacent to the Cascades core. These volcanic rocks are roughly coeval with the nearby Black Peak batholith (cf. Kriens and Wernicke, 1990) .
Indirect evidence for volcanism comes from the shallow, 91-Ma phase of the Mount Stuart batholith. It represents a large (≥520 km 3 ), low crystallinity magma reservoir, and records a short period of high magma flux on time scales similar to those of young, high-volume volcanic systems (Matzel et al., 2006; Lipman, 2007) .
DISCUSSION
In the following, we return to questions and interpretations about magmatism raised in the "Introduction" of this article that may be addressed by studies of crustal sections, such as that of the North Cascades. Some of these questions involve overall processes operating in magmatic systems, and others deal with potential changes with paleodepth. We focus on more controversial issues and/or on features and processes that are well displayed in the Cascades core.
Changes in Deformation with Depth
The coupling between fabrics in plutons and host rocks increases with depth in the crustal section. Magmatic foliation, lineation, and folds in the mid-to deep-crustal plutons (e.g., SevenFingered Jack, Cardinal Peak) are mostly parallel to equivalent structures in host rocks (Fig. 6 , sections F-F′ and G-G′). These magmatic structures typically record regional shortening. In shallower plutons, particularly the "mushroom-part" of the Mount Stuart batholith, fabrics are partially decoupled from host-rock structures and record internal magmatic processes (e.g., Paterson and Miller, 1998b) . These differences with depth probably reflect the slower cooling of deeper plutons and decreasing rheological contrasts between plutons and increasingly hot host rocks.
Solid-state deformation of plutons increases with depth. This is compatible with the smaller rheological contrast between intrusions and host rocks at deeper levels, and the expected slower cooling after reaching the solidus also results in plutons that are weak for longer periods than comparable-sized bodies at shallower depths. Nevertheless, the interiors of several deep plutons (Tenpeak, Sulphur Mountain, High Pass) record only weak solid-state deformation and preserve many igneous features, such as enclaves with crenulate margins, schlieren and other compositional layers typical of mid-to shallow-crustal plutons. The only sizeable orthogneiss that is penetratively deformed in the solid state is the Wenatchee Ridge Gneiss.
Pluton Shapes
A conclusion of recent compilations of pluton shapes inferred from interpretation of gravity data and to a lesser extent geological mapping is that intrusions are commonly subhorizontal tabular bodies or are wedge shaped (McCaffrey and Petford, 1997; Cruden and McCaffrey, 2001; Cruden, 2006) . These analyses probably underestimate the number of steep-sided, vertically extensive (≥10 km) plutons because of the generally insufficient topographic and/or structural relief in most orogens to preserve both the roofs and floors of such plutons. The structural relief of the Cascades crustal section facilitates evaluation of pluton shapes, but for many of the plutons the roof and/or floor is not preserved. Structural complications and poor outcrop in some areas further hinder determination of pluton geometry and we are commonly forced to assume that dips of contacts do not change significantly when projected upward or downward.
Despite these problems, plutons in the Cascades core can be generalized into four broad categories: (1) asymmetric wedges to funnels that are elliptical in map view; (2) subhorizontal tabular bodies; (3) steep-sided, blade-shaped bodies with high aspect ratios in map view; and (4) steep-sided, vertically extensive (≥8 km) bodies that are complexly shaped to elliptical in map view.
The wedge-shaped intrusions include the deep Tenpeak and Sulphur Mountain plutons, which have subvertical contacts for segments of their boundaries and moderately to steeply inward dips along other segments (Figs. 3, section C-C′, and 6, section H-H′). The Oval Peak pluton is an elongate funnel (Fig. 6 , section E-E′). These intrusions have topographic relief of ≥2 km, and simple downward projection of contacts leads to inferred minimum (no roof exposed) vertical extents of ~6-11.5 km. These plutons range from 21 km to 37 km in length in map view; crude estimates of length-to-thickness ratios range from 1.8 to 4.7. The Dirtyface pluton has a different type of wedge-like geometry; it has a moderately (25-50°) dipping floor and moderately to steeply (60-80°) dipping, discordant "roof."
Intrusions that were emplaced as subhorizontal tabular bodies include the 600-m-thick Buck Creek Pass pluton and thinner associated sheets in the Napeequa unit, and some of the sheeted bodies in the Nason Ridge Migmatitic Gneiss. The folded High Pass pluton and hook-like region of the Mount Stuart batholith were probably emplaced as subhorizontal to moderately dipping bodies, and the Riddle Peaks Gabbro may be a tilted, initially subhorizontal sheet.
Steep sheet-like intrusions in the Cascades core are typified by the Seven-Fingered Jack, Entiat, and Cardinal Peak plutons. These intrusions have high aspect ratios in map view (up to 11.5:1), steep contacts that are in part discordant to host rock contacts and structures in cross-sectional view (Fig. 6 , sections F-F′ and G-G′), and are exposed over ≥1.8 km of topographic relief. The overall shape approximates a knife blade with a horizontal long axis.
Moderately to steeply dipping contacts bound large parts of the Mount Stuart (Fig. 3) and Black Peak batholiths, the two largest intrusions of the Cascades core. Both have locally preserved segments of roofs. Steep contacts of the "mushroom-like" part of the Mount Stuart batholith have a vertical topographic extent of 2.5 km, and host rocks of the Ingalls ophiolite on the south are of spe 456-05 page 16 lower grade and probably pressure than elsewhere. Interpretation of hornblende barometry from the Mount Stuart batholith is controversial (cf. Ague and Brandon, 1996 and Anderson, 1997) , but is compatible with emplacement depths of different parts of the batholith varying by ~6 km. These observations suggest that the intrusion is vertically extensive (>8 km). Similarly, major differences in metamorphic pressures between host rocks on the east and west sides of the Black Peak batholith imply that it also has a structural relief of >8 km. These vertically extensive plutons are nearly spherical (Mount Stuart "mushroom") to elliptical (Black Peak) in map view, and extend for 20 km and 50 km, respectively. Their overall geometry probably resembles a thick disk or hockey puck.
Some Cascades intrusions fit the model proposed from compilations that most plutons are subhorizontal and tabular, or wedge-shaped (see above). There is considerable diversity, however, in the geometry of Cascades plutons. Many have minimum vertical extents of 5 km, and have high aspect ratios in map view. Thin (<5 km) subhorizontal tabular bodies are more common with depth and are best represented at depths of >20 km; however, steep sheeted (blade-shaped) bodies and wedge-shaped plutons are also present at these levels.
In the compilations and our analysis, plutons have been considered as isolated entities. We note, however, that many of these plutons are probably thicker "trapped" parts of continuous magma plumbing systems. We envision that many of the plutons pass upward and downward into both thicker and thinner magmatic bodies, and complex lateral changes may also be present. For example, the vertically extensive mushroom region of the Mount Stuart batholith is connected along strike by an older, moderately to steeply dipping, sheet-like mass into a gently to moderately dipping fold-shaped body (Fig. 2) .
The detailed high-precision geochronological data from the Mount Stuart batholith and Tenpeak pluton summarized above also indicate that both large blobby plutons and more elongate, partly sheet-like bodies grow over relatively long time periods (2.7-5.6 m.y.) (Matzel et al., 2006) . The shapes represented by magmas of individual time intervals may differ significantly from the final geometry of the composite pluton.
We conclude that plutons in the Cascades core display much diversity in geometry, which probably reflects the complex changes in rock type and rheology in arc crust undergoing regional shortening, vertical thickening, and orogen-parallel stretching. This crust is characterized by metamorphosed supracrustal and plutonic rocks with widely varying strengths, and the heterogeneous distribution of magmatism leads to further spatially and temporally variable rheology, all of which influence pluton geometry.
Percentages of Plutonic and Host Rocks with Depth
We have quantitatively estimated accumulation of Cretaceous magmas at shallow, middle, and deep levels in the Cascades core ( Table 2 ). The area considered does not include the voluminous Skagit Gneiss Complex (and plutons to the east in the Ross Lake fault zone) because of the uncertainty of crystallization ages of orthogneiss protoliths, nor does it include areas north of where we have conducted research. Areas of discrete plutons are easy to calculate using standard GIS tools, but it is more difficult to determine the amount of intrusive rock represented by the thin sheets (unfocused magmas) that intrude the Napeequa unit, Cascade River-Holden unit, and Nason terrane. Our best estimates of the percentage of the latter types of intrusive rocks from areas we have studied in detail are extrapolated throughout the panel of rock under consideration, and are probably accurate to within 10%.
This analysis indicates that plutonic rocks are volumetrically significant at all crustal levels. The percentage of intrusive rocks increases systematically from shallow, to middle, to deep crustal levels; from ~37% to 55% to 65%, respectively. Focused magmatism defined by discrete plutons and unfocused (dispersed) magmatism represented by typically <50 m-thick sheet-like and irregularly shaped bodies encased by metamorphic host rocks are present at all crustal levels, but are unevenly distributed. Unfocused magmas comprise ~18% of the total plutonic rock in the deep crust and 19% at mid-crustal depths, but <1% at shallower levels ( Table 2 ). The two largest intrusions, the Mount Stuart and Black Peak batholiths, were emplaced at relatively shallow depths.
In some contractional arcs, such as the Arunta inlier of central Australia (Collins and Sawyer, 1996) and the Proterozoic of the southwest United States (e.g., Karlstrom and Williams, 2006) , the deep crust is envisioned as a site of rapid melt segregation and migration, either by dikes, or by a pervasive network of mostly meter-scale channels. Magmas generated near the base of the crust are thought to migrate rapidly through deep (25-30 km) crust until they reach a level of neutral buoyancy and accumulate to form batholiths at shallow (10-20 km) levels (Fig. 7) (Collins and Sawyer, 1996) . In the Arunta inlier, granitoids make up <10% of the deep crust and >80% of the upper crust (Collins and Sawyer, 1996) , and Karlstrom and Williams (2006) reach similar conclusions for the southwest United States. Collins and Sawyer (1996) conclude that large plutons do not form in the deep crust in arcs undergoing compressional deformation.
The Cretaceous contractional arc of the North Cascades clearly differs substantially from observations and models from the arcs described above. Overall, sizeable volumes of magmas accumulated at a very wide range of crustal levels (5-35 km). The percentage of plutonic rock increases, rather than decreases with . Narrow, widely separated dikes or magma networks cutting long distances through metamorphic rocks are not recognized in the Cascades crustal section. Instead, probable magma transfer zones are represented in the mid-to deep crust by steep-sided sheeted intrusions, such as the Cardinal Peak, Seven-Fingered Jack, and Entiat plutons.
The increase in percentage of plutonic rocks with depth, at least to 25-30 km, is probably typical of other Cordilleran arcs. Such an increase is well-displayed by the Sierra Nevada batholith (e.g., Saleeby, 1990; Saleeby et al., 2003) and Salinian block Kidder et al., 2003) .
Magma Fluxes
The compilation of pluton areas, combined with geochronological data, enables evaluation of minimum magma fluxes during construction of the Cretaceous Cascades arc. Minimum fluxes were estimated by multiplying the pluton area times the average topographic relief, which is ≥1.6 km. These calculations indicate that by far the greatest flux of magma in the crustal section and adjacent areas of the Cascades core occurred between 96 and 89 Ma. A minimum of 3586 km 3 of magma intruded over an arc length of 130 km, the length for which we have significant geochronological control in the Washington segment of the arc. This corresponds to an average minimum flux of 3.9x10 −6 km 3 /yr/km of arc length during this 7 Ma interval ( Table 3) There is little documented magmatism between 88 and 79 Ma, and the other sizeable pulse of Cretaceous plutonism is from ca. 78-71 Ma. Dated plutons of the latter age interval are restricted to the deep mid-crust (6-8 kb). For this latter interval, a minimum of 750 km 3 of magma was intruded, which yields an average minimum flux of 8.2 ×10 −7 km 3 /yr/km of arc length, assuming a thickness of 1.6 km, and 2.6 × 10 −6 km 3 /yr/km of arc length, assuming a thickness of 5 km. These fluxes are <25% of those from 96 to 89 Ma, and indicate that the greatest magmatic flux occurred during the height of regional mid-Cretaceous shortening of the Coast belt. Reduced magmatism from 88 to 71 Ma was synchronous with an interval of inferred regional transpression (Miller and Bowring, 1990; Hurlow, 1992) . We did not extend this analysis to younger time intervals, as the major locus of Eocene magmatism is northeast of the crustal section in the Chelan block (Haugerud et al., 1991) , and crystallization ages of protoliths of large volumes of orthogneiss in the Skagit Gneiss Complex are poorly known.
The calculated values for the North Cascades are broadly similar to, or lower than, those estimated for other arcs. For example, Francis and Rundle (1976) Karlstrom and Williams (2006) . (B) Arunta inlier of Central Australia after Collins and Sawyer (1996) . Vertical scale applies to both sections. See text for discussion. /yr/km of arc length for the entire duration (TriassicCretaceous) of the Sierra Nevada batholith. Rates were dramatically higher during the main pulse of Cretaceous magmatism in the batholith, reaching 8.5 × 10 −2 km 3 /yr/km (Ducea, 2001 ).
Petrology and Geochemistry
Tonalites dominate at all levels of the crustal section, and there are only relatively minor differences in rock types between deep and shallow plutons. Granodiorites are subsidiary components of most of the major plutons. Gabbros and diorites are also subordinate, but not rare. The 30 km 2 , 6-8 kb Riddle Peaks pluton is entirely gabbro, and diorite and gabbro comprise ~75 km 2 of the large northeast body of the Mount Stuart batholith. Mafic rocks make up a small percentage of several other plutons considered in this study; we estimate that they represent ~2% of the volume of studied plutons.
It is more difficult to quantify the percentage of individual rock types in the thin sheets that intrude the Napeequa, Nason Ridge, and Cascade River-Holden units. Unfocused magmatism represented by sheets formed rocks with lower color index than the isolated plutons, and gabbro sheets are rare. The unfocused magmas may represent a greater degree of locally transported partial melt than in the discrete plutons.
Simple zoned plutons are rare in the Cascades core, particularly compared to another large Mesozoic Cordilleran arc, the Sierra Nevada batholith (e.g., Bateman, 1992) . The same temporal sequence, however, of early mafic magmas followed by more felsic magma, and accompanying overall inward increase in SiO 2 , as typifies normally zoned plutons, is observed in many of the Cascades plutons. This sequence is illustrated by mid-to deep-crustal, steep sheet-like (Cardinal Peak, Entiat, Seven Fingered Jack) and wedge-shaped (Tenpeak, Sulphur Mountain) intrusions where early marginal, heterogeneous mafic complexes yield inward to tonalite and/or granodiorite (Cater, 1982; Dawes, 1993; Miller and Paterson, 2001a) . In the shallower Mount Stuart batholith, mafic rocks were emplaced during both the earliest (96.5 Ma) and latest (91 Ma) magmatic pulses (Matzel et al., 2006) . The latter, high-volume pulse resulted in an asymmetric, normally zoned pattern from gabbro/diorite through tonalite to granodiorite and back to tonalite.
In arcs, and continental crust as a whole, plutons and host rocks are more mafic with depth. We have not attempted to systematically examine host-rock geochemical composition with depth in the crustal section, but as for the plutons, host-rock chemistry does not appear to vary systematically with depth. The shallowest part of the section is ultramafic-dominated ophiolitic rock. On average, the mid-crust is mainly pelitic and psammitic schist. Mafic rocks (amphibolite) make up perhaps 30%-60% of the deep-crustal Napeequa unit, but the rest are high-silica rocks (quartzite and biotite schist). We have speculated previously (Miller and Paterson, 2001b) on the constituents of the unexposed deepest crust. By analogy with other crustal sections, migmatites should be present below exposed crustal levels. Mafic rocks, such as gabbro, mafic gneiss, amphibolite, and granulite, are likely components, particularly given the generally felsic composition of the exposed Cascades crust. Mafic rocks make up the lowermost 10-15 km of crust in the on-strike continuation of the Cascades core according to seismic reflection and refraction data collected in southwest British Columbia (Clowes et al., 1995 (Clowes et al., , 1997 Zelt et al., 1996) . Petrological and geochemical data from tonalitic plutons in the Cascades suggest derivation in part from partial melting of deep-crustal (~18 kb, ~55-60 km) garnet amphibolite (Dawes, 1993; DeBari et al., 1998) .
Emplacement
Interpretations of emplacement mechanisms for individual plutons have been presented in the appropriate sections above, and we have published detailed observations relevant to emplacement of individual plutons elsewhere (e.g., Miller and Bowring, 1990; Paterson et al., 1996; Miller, 1998a, 1998b; Paterson, 1999, 2001a) . In the following, we briefly summarize our conclusions on emplacement at different crustal levels.
Multiple material transfer processes operated during emplacement at all crustal levels. The relative importance of different processes changes with depth, but there are no appreciable differences in mechanisms with crustal level. The following features are common to most Cascades plutons.
1. Narrow (≤1 km wide) structural aureoles are typical, as displayed by one of the deepest plutons, the Tenpeak pluton, and one of the shallowest plutons, the Mount Stuart batholith. Segments of contacts of some intrusions are sharply discordant, as illustrated by parts of the 6-8 kb, Cardinal Peak pluton (Fig. 6 , G-G′). Overall, structural aureoles are slightly wider (normalized to body radii) for the deep plutons. 2. Heterogeneous vertical ductile flow dominated in the structural aureoles, and deflection of host rock markers and the kinematics of non-coaxial shear indicate that host rock dominantly was transported downward relative to the adjacent pluton (Figs. 3 and 6 ). Brown and McClelland (2000) , but if it removed parts of inner structural aureoles, then it partially obscured potential emplacement mechanisms (Paterson et al., 1996; Gerbi et al., 2004) . Stoping was thus an important mechanism throughout the arc section, spe 456-05 page 19 contrary to assertions that stoping is an insignificant process (Glazner and Bartley, 2006) . 4. There is little to no evidence that dilation in or across fault zones was a significant material transfer process during emplacement. Many of the plutons in the Cascades core are not associated spatially with map-scale faults or shear zones (Fig. 2) . Syn-emplacement, southwest-directed reverse shear zones that developed along segments of the margins of the Mount Stuart batholith, Dirtyface pluton, and Tenpeak pluton (Fig. 2) do not extend beyond the plutons and thus did not act as a regional anisotropy that controlled emplacement. Instead, these structures were likely localized by the rheological contrast between the solidified plutons and weaker host rocks (Miller and Paterson, 2001b ). In the Ross Lake fault zone, the Black Peak batholith is cut by shear zones (Fig. 2 ), but these are >20 m.y. younger than emplacement. The southwest and southern margins of the Oval Peak pluton coincide with a reverse-slip shear zone active during transpression in the Ross Lake fault zone; this may represent the closest relationship between pluton emplacement and faulting. In short, active faults probably affected the local stress field near some plutons, and thus indirectly influenced magma ascent, but there was little direct relationship between emplacement and faulting. 5. Folding and heterogeneous ductile regional deformation occurred during magmatism, and folding was intimately linked to emplacement of several plutons. This is illustrated by the fold-like shapes of the hook-like region of the Mount Stuart batholith and High Pass pluton, which mimic folds in the enclosing host rock, and the position of the tips of sheets of the Seven-Fingered Jack and Entiat plutons along axial surfaces of host-rock folds (Paterson and Miller, 1998a) . Further, 10-cm-to m-scale-thick bodies locally form saddle reefs in smaller host rock folds (Miller and Paterson, 2001b; Albertz et al., 2005) . We suggest that the genetic link between folding and emplacement is through effects on the stress field, as growth of folds is typically slow compared to magma transport rates (e.g., Paterson and Tobisch, 1992) . 6. Roof uplift and cauldron subsidence, which are important material transfer processes for shallow-level magma bodies, have not been recognized in the crustal section. This may reflect the only minor preservation of very shallow levels of the Cretaceous crust. 7. As with most studies of individual plutons, it is difficult to find field evidence for the amount of needed material transfer to accommodate the large-volume magmatism. We infer that ductile flow and bending of rocks in narrow aureoles, combined with stoping and magma wedging, can account for much of the needed material transfer. The conclusions listed above, particularly the widespread evidence for vertical ductile flow and stoping, indicate that host rock was dominantly transported vertically and not laterally during emplacement. This vertical transport probably records return flow (e.g., Saleeby, 1990; Paterson et al., 1996; Tobisch et al., 2000; and/or floor sinking (Cruden, 1998 (Cruden, , 2006 Brown and McClelland, 2000) . Ductile flow occurred in a narrow zone between undeformed (by emplacement) host rock and the pluton wall. This zone typically widened slightly downward, and persisted into the deep crust despite the presumably smaller thermal gradients between plutons and host rocks (cf. .
Stoping, a brittle process that is commonly considered a shallow-level mechanism, occurred at all crustal levels. We infer that this largely reflects the high flux rates during growth of large magma chambers relative to ductile strain rates of host rocks. Thermal heating, regional strain, and diking all may cause host rock to break apart, and in the Cascades core the commonly relatively denser host rocks (e.g., amphibolite) may have collapsed into rheologically weaker magmas . Magma fluxes probably varied widely during the construction of individual plutons. For example, the vertically sheeted plutons (e.g., Cardinal Peak) were constructed initially by low-volume sheets, during which wedging and ductile flow probably occurred in the structural aureole; as subsequent, larger-volume bodies were emplaced, other mechanisms such as stoping and rigid rotations are inferred to have increased in importance.
The downward transport of host rock associated with emplacement largely occurred during major orogen-normal shortening and burial of supracrustal rocks in the North Cascades core. Regional deformation and vertical host rock transport thus contributed to crustal thickening and formation of a crustal root in the orogen (cf. Saleeby, 1990; Tobisch et al., 2000; .
Geothermal Gradient of the Crustal Section
The architecture and rheology of an arc, and depths at which different processes operate, are strongly influenced by the paleogeothermal gradient. The gradient in the upper crust of the Cascades arc was relatively steep, as recorded in the Ingalls ophiolite which grades from lower-greenschist to upper-amphibolite facies over ~11 km in map view. Amphibolite-facies assemblages in the highest-grade part of the ophiolite, near the 2-4 kb Mount Stuart batholith, indicate that upper-crustal gradients exceeded 40 °C/km for at least a short time interval. In contrast, in the middle to deep crust of the arc, thermobarometry from the Nason terrane and Napeequa unit indicates that temperatures did not exceed 700 °C at depths reaching ≥35 km, corresponding to a gradient of ~20 °C/km. The high gradients in the upper crust are typical of continental magmatic arcs, but there were relatively small differences (~555° to <700 °C) between peak temperatures at paleodepths of 15-35 km. This range in peak temperatures in the middle to deep crust is much lower than that commonly cited for this interval based on numerical models and typical metamorphic field gradients (e.g., Barton and Hanson, 1989; Rothstein and Manning, 2003) . The relatively low temperatures of the mid-to deep-crustal rocks probably reflect the interplay between advection of heat by magmatism and crustal thickening by regional deformation. Rapid crustal thickening presumably reduced the geothermal gradient. We also speculate that mid-Cretaceous underthrusting of relatively cool Wrangellian terrane beneath at least part of the North Cascades orogen had a chilling effect, although deepseated melting continued during shortening. The impingement of Wrangellia beneath the arc may have also led to the near cessation of magmatism at ca. 88 Ma. Moreover, the position of the Cascades core at the termination of the arc likely further contributed to the relatively low temperatures. The higher temperatures in the deep crust of many other contractional arcs may in part reflect a combination of less crustal thickening, higher magma fluxes, and/or lack of underthrusting of cold crust.
The relatively low temperatures in the mid-to deep crust probably explains some of the differences between the Cascades arc and other thinner arc crustal sections. For example, plutons with weak to modest solid-state deformation at ~25-35 km paleodepths in the Cascades core contrast with the strongly deformed orthogneisses that typify some crustal sections at equivalent paleodepths (cf. Percival et al., 1992) . Further, there is no widespread migmatization and/or mafic-rich zones of melting, assimilation, storage, and homogenization (MASH) at these levels in the Cascades core, in contrast to many other arc sections.
Summary Model
The much greater abundance of unfocused magma at midand deep-crustal levels, and presence of the largest plutons at shallow levels have interesting implications. Many lower-volume pulses of magma apparently stall at depths that range from ≥35 to ~18 km. These magmas commonly intrude subhorizontally at the level of emplacement, as represented by the thin sill-like sheets and small irregularly shaped masses. Other magmas accumulated in the deep crust in higher volumes and coalesced to form discrete plutons. Some of these plutons also intruded subhorizontally (e.g., High Pass, Buck Creek Pass), but in other sites at equivalent depths, plutons with steep contacts formed (e.g., Tenpeak, Sulphur Mountain). In the shallow crust, the batholithsized intrusions and limited unfocused bodies in the shallowest crust imply that significant volumes of magma were able to rise efficiently to higher crustal levels along the same pathways. Such intrusions remained sites of large-volume accumulations for extended time intervals, as demonstrated by the ca. 5.5 m.y. for construction of the Mount Stuart batholith.
The relatively big intrusions at deeper crustal levels, such as the Tenpeak and Seven-Fingered Jack pluton, are constructed of magma sheets and larger, more elliptical masses of distinct composition and texture with little evidence of homogenization between magma pulses. In contrast, the shallow-level Mount Stuart batholith shows apparently gradational contacts between magma pulses of differing composition and significantly different ages (Matzel et al., 2006) . These differences may reflect construction by distinct lower-volume magma batches emplaced episodically, such as in the Tenpeak pluton, versus short-lived, higher-flux magmatism such as in the Mount Stuart batholith (Matzel et al., 2006) . Alternatively, if the mid-to lower-crustal intrusions represent conduits between lower crustal zones of magma generation and mixing, and upper crustal zones of large, relatively homogenous intrusions such as the Mount Stuart batholith, then the sharp internal contacts in deeper plutons may record the last magma to ascend through the system, and thus represent a "snapshot" of ascending magmas (Miller and Paterson, 2001a) .
We interpret these relationships in terms of the following model (Fig. 8) . Magmas encompassing variable proportions of mantle-derived mafic melt and crustal melt from a garnet-bearing source in the lower crust below the exposed Cretaceous crustal section rose to a wide range of crustal levels. These magmas ascended in broadly arc-parallel, magma transfer zones during regional shortening. The elongate, vertically sheeted, deep-to mid-crustal bodies oriented at high angles to the regional shortening direction do not fit classic brittle diking mechanisms. We contend that it is more likely that magmas ascended through a network of channels (e.g., Weinberg, 1999; Brown, 2004) and/or as multiple pulses of narrow, elongate visco-elastic diapirs (Paterson and Miller, 1998a; Paterson, 1999, 2001a) . Early mafic sheets crystallized along the walls of the plutonic system. These rocks were intruded by wider tonalite sheets, and a larger "chamber" eventually formed in the interior of the system (Fig. 8) . The amount of crustal melt presumably increased with time. The vertically sheeted, partially molten bodies aided the ascent of subsequent magmas to higher crustal levels (e.g., Mount Stuart) where larger volumes of magma became more thoroughly hybridized, which led to gradational contacts. The final product is a complex three-dimensional system of variably connected plutonic bodies with a wide range of shapes and sizes.
CONCLUSIONS AND MAJOR REMAINING QUESTIONS
spe 456-05 page 21 5. The Cascades core is part of an episodic, but at times high flux continental magmatic arc system with its maximum peak at 96-89 Ma, and a smaller peak at 78-71 Ma. Such episodic patterns are likely representative of Cordilleran systems in general. 6. Many plutonic systems in the arc are composite and form over millions of years (e.g., 2.5 m.y. for Tenpeak pluton and 5.5 m.y. for Mount Stuart batholith). 7. Downward movement of host rock by multiple processes occurred at all crustal levels during emplacement. Ductile deformation and accompanying rigid rotations probably dominated and stoping played an important secondary role. Magma wedging and regional deformation also aided emplacement. 8. Peak metamorphic temperatures in the mid-to deep crust were low for magmatic arcs, perhaps reflecting rapid crustal thickening by regional deformation and underthrusting of cold crust of the Wrangellian terrane. These low temperatures may explain several differences between the Cascades core and thinner arc sections, including the only modest solid-state deformation of tonalitic plutons and lack of migmatization of host rocks in the deep (30-35 km) crust. A number of unanswered questions are raised by our synthesis. 1. What causes major variations in magmatic fluxes? 2. Are Cordilleran arcs dramatically different than arcs elsewhere, and if so, why? 3. Are there major differences between magmatic systems in the deep crust with some dominated by metamorphic host rocks and others by downward increasing volumes of magma? 4. What is the most important material transfer process during emplacement? Does downward movement dominate? What are the roles of stoping and faulting? It is also important to consider that with incrementally constructed magma systems, "host rock" includes earlier magmatic pulses in the system. 5. What is the duration of growth of magma chambers at different crustal levels and in bodies of different shapes? 6. How are larger, apparently more homogeneous, and in some cases zoned bodies formed at shallower levels if magma is passing through complex plumbing systems at depth?
